This paper presents an experimental technique to accurately separate a permanent magnetic field and an induced one from the total magnetic fields generated by a steel ship, through compensating for the Earth's magnetic field. To achieve this, an Earth's magnetic field simulator was constructed at a non-magnetic laboratory, and the field separation technique was developed, which consisted of five stages. The proposed method was tested with a scaled model ship, and its permanent and induced magnetic fields were successfully extracted from the magnetic field created by the ship. Finally, based on the separated permanent magnetic field data, the permanent magnetization distribution on the hull was predicted by solving an inverse problem. Accordingly, the permanent magnetic fields generated by the ship can easily be calculated at any depth of water.
Introduction
A naval ship is constructed of ferrous steel plates. When the ship is placed in the Earth's magnetic field, a local anomaly of underwater magnetic fields, due to the induced and the permanent magnetizations distributed on the hull, is created around the ship. Even though its magnitude is much smaller than that of the Earth's magnetic field, it can activate underwater weapon systems equipped with high-sensitivity magnetic sensors, such as influence mines, or underwater detecting equipment. To protect the ship from these threats, it is necessary to establish proper countermeasures against the detection sensors of an influence mine or an underwater detection system [1] [2] [3] [4] [5] [6] [7] [8] [9] .
A ship made of ferromagnetic material generates two underwater field components, which consist of an induced magnetic field due to the induced magnetization, and a permanent magnetic field due to the permanent magnetization. In general, for the purpose of reducing the underwater magnetic field of a naval ship, a deperming process is first conducted to eliminate permanent magnetization distributed on the hull; and then, a degaussing process is performed to minimize the field due to induced magnetization, as well as residual permanent magnetization after the deperming process [7] .
However, it is very difficult to predict the field disturbance due to the permanent magnetization, because of the absence of information about the magnetic history of the hull, such as the mechanical or thermal stress. The only possible way is to predict the permanent magnetization distribution on the hull through solving an inverse problem with measured underwater field data, and to establish a proper deperming process based on the calculated permanent magnetization. Therefore, an accurate measurement method on the induced and permanent magnetic fields is required, in order to more effectively perform the magnetic treatment, which consists of deperming and degaussing processes. This is because a successful magnetic silencing of the ship strongly depends on how to minimize the individual field components produced by different magnetic sources of the induced magnetization and permanent magnetization of the hull. In our previous works [8, 9] , the induced magnetic field was first obtained by means of a commercial electromagnetic (EM) software package, based on the finite element method (FEM). Then, the permanent magnetic field was analogized, by subtracting the induced magnetic field from measurement data of underwater magnetic fields under the Earth's magnetic field. However, this approach has a limit on the accuracy of numerical prediction of the induced magnetic field, because it is very hard to build a three-dimensional finite element model of a real ship, which contains complicated internal structures, such as bulkheads, engines, and various steel-made equipment.
In this paper, an experimental technique is proposed to accurately separate the induced and permanent magnetic fields from the measured underwater field data. For the purpose of doing this, an Earth's magnetic field simulator was built to realize the environment of the Earth's magnetic field at any location of the world; and accordingly, the field separation technique was developed, which consisted of five main stages. To verify the proposed method, a scaled model ship was tested, and its permanent and induced magnetic field components were successfully extracted from the total magnetic field that was measured. Moreover, a permanent magnetization distribution on the hull was predicted, by solving an inverse problem, based on the material sensitivity analysis presented in our previous work [10] . Finally, the permanent magnetic field generated by the ship at any depth of water can be easily calculated from the permanent magnetization distribution obtained by the inverse problem.
Basic Properties of Underwater Magnetic Fields
In this section, basic properties of underwater magnetic fields generated from the ship are briefly explained for a better understanding of the goal of this paper. As described earlier, the induced and permanent magnetization distributed on the ferromagnetic hull causes a local perturbation of underwater magnetic fields. According to the field-generating magnetization type, the perturbation field is decomposed into the induced and permanent magnetic fields, which belong to the magneto-static field.
Consider this perturbation field from the viewpoint of Maxwell's equations. When a ferromagnetic hull is placed in the Earth's magnetic field H o , a local perturbation field H red , expressed in terms of the magnetic scalar potential φ m , is created around a ship.
The field H red is due to the hull magnetization M, which is the sum of the induced magnetization M ind , and the permanent magnetization M rem .
The constitutive relation between B and H is written as:
If the hull thickness is relatively small and its permeability is high, the direction of the magnetization can be considered parallel to the hull surface, and its magnitude can also be assumed constant [3, 4] . When the magnetization distribution on the hull is given under the above assumption, the perturbation field is easily calculated by: (4) where, V is the volume enclosed by the hull surface S, r is the distance between an observation point and the hull magnetization, and n is the unit vector normal to the hull surface [4] .
Separation Technique for an Underwater Magnetic Field
In this section, an Earth's magnetic field simulator is explained in detail. It was designed and built for the purpose of compensating for the Earth's magnetic field. Then, an accurate extraction method of permanent and induced magnetic fields from measured underwater field data is described.
Earth's magnetic field simulator
The Earth's magnetic field simulator can compensate for the Earth's magnetic field at a measurement station, and realize an environment of the Earth's magnetic field in a certain region any wherein the world where a ship is located. Figure 1 shows a schematic diagram of the Earth's magnetic field simulator developed by the Agency for Defense Development. It is composed of four major parts: The first is tri-axial magnetic field generation coils to produce a magnetic field; the second is power supplies to provide electric currents to the field generation coils; the third is a magnetic sensor to measure the magnetic field at the center of the field simulator; and the last is a magnetic field controller to adjust the electric currents applied to individual field generation coils. The tri-axial magnetic field generation coils consist of eight coils (four X coils, of which the area is normal to the south-north direction; two Y coils normal to the eastwest direction; and two Z coils normal to the vertical direction). Table 1 presents detailed specifications of the coils. The X coils have two inner coils with 27 turns, and two outer coils with 95 turns, to enhance the field uniformity in the longitudinal (south-north) direction. The X coils are connected in series. The Y coils have two coils with 88 turns, and the Z coils have two coils with 66 turns. These Y and Z coils are also connected in series.
To precisely control a magnetic field value at the center of the field simulator, we first measured the individual coil effects, which correspond to the magnetic field values produced by each coil when an electric current of 1 A is applied. The X coil effect was 11.15 µT/A, the Y coil effect was 13.20 µT/A, and the Z coil effect was 11.75 µT/A. The Earth's magnetic fields at the measurement station (Jinhae region), where the Earth's magnetic field simulator was installed, are 31.5 µT in the south-north direction (Bx), and 38.5 µT in the vertical direction(Bz). In order to compensate for the Earth's magnetic fields at the measurement station, currents of −2.83 A and −3.28 A must be fed to the X and Z coils, respectively. Figure 2 shows the variation of magnetic fields measured at the center of the measurement station, as each coil current increases. As seen in the figure, the field magnitude is exactly proportional to the coil current. The X and Z coils generate magnetic fields up to more than 110 µT. Thus, the field simulator capacity is enough to remove the Earth's magnetic field at the measurement station. Figure 3 shows three components of the residual fields along the longitudinal (south-north) direction, after the field compensation. Figures 4, 5 and 6 show the distribu- tion of residual fields in a cross-sectional area of 6 m (south-north) × 2 m (east-west). These figures show that the maximum residual field value for the northern direction (Bx) is −0.43 µT, the maximum residual field value for the western direction (By) is −0.59 µT, and the maximum residual field value for the vertical direction (Bz) is −0.72 µT. The maximum residual field in the area is reduced by more than 98 % of the Earth's magnetic field, before compensation.
Separation of induced or permanent fields
The fields measured from a scaled ship after compensation for the Earth's magnetic field correspond to the field due only to the permanent magnetization distributed on the hull. Therefore, through using the field simulator, the permanent magnetic field generated from the ship can be accurately measured. Then, the induced magnetic field is easily extracted, by subtracting the permanent magnetic field from the measured field, before compensation for the Earth's magnetic field.
The separation processes of the permanent or induced magnetic fields from the magnetic field generated from the ship comply with the following steps that Fig. 7 presents. First, the individual coil effects are measured one-by-one, as seen in the upper part of the figure. Second, the Earth's magnetic field at the measurement station is measured, and coil currents adequate to compensate for the Earth's magnetic field are applied. The later process is repeated, until the residual field after compensation is less than 2 % of the Earth's magnetic field before compensation. Third, the magnetic field from the ship after field compensation is measured. Its value exactly corresponds to the permanent magnetic field. Fourth, the currents applied to the field generation coils are removed, and then the field from the ship under the Earth's magnetic field is measured. This is the sum of the permanent and induced magnetic fields. Finally, we subtract the field measured after compensation, from the one measured before compensation. The resultant corresponds to the induced magnetic field. Figure 8 shows a scaled model ship used for separating the permanent and induced magnetic fields. It is made out of ferrous steel plates with upper deck thickness of 0.3 mm, and lower deck thickness of 0.6 mm. The relative permeability of the steel plates is considered to be 160. Fig. 9 shows. At the experimental station, Bx is set to the northern direction, By to the eastern direction, and Bz to the vertical direction. In this experiment, instead of using many sensors, the ship slowly moves toward the south or the north along the longitudinal centerline, against the sensors at a standstill. As mentioned earlier, the Earth's magnetic field at the experimental station (Jinhae) is 31.5 µT in the south-north direction (Bx) and 38.5 µT in the vertical direction (Bz).
Results

Experimental setup
The model ship's locations from the magnetic sensors were measured very accurately with Laser Range Finder, DistoA8 (LRF), which has a distance measurement error of less than 1 mm, to avoid the phase difference of the measuring data at each measurement stage.
Induced or permanent fields measured from thescaled model ship
Figures 10 and 11 show the horizontal (x-axis) and vertical (z-axis) magnetic fields measured on the longitudinal centerline parallel to the x-axis, and at a depth of 0.52 m below the keel line (sensor 3 in Fig. 9 ), when the ship is headed toward the north. Figures 12 and 13 present the magnetic fields measured on the centerline at a depth of 0.52 m below the keel line (sensor 3 in Fig. 9 ), when the ship is headed toward the south. From these figures, we can compare the permanent magnetic fields with the induced magnetic fields, in terms of shape and magnitude.
In Figs. 10 and 11 , it is observed that the permanent and induced fields are different in shape and magnitude from each other when the ship heads north. On the other hand, in Figs. 12 and 13 , where the ship heads south, the shapes of the permanent fields are similar to those of the induced fields, even though their magnitudes differ from each other. From this result, it is inferred that the direction of permanent magnetization distributed on the hull is aligned toward the stern. That is because the direction of induced magnetization on the hull must be the same as that of the Earth's magnetic field that appears at the measurement station (i.e. in the south-north direction), when the ship steers southward. Moreover, comparison between Figs. 10 to 13 reveals that the induced magnetic fields have similar shapes and magnitudes, because the Earth's magnetic field applied is headed toward the south-north direction, regardless of the ship's heading direction. However, permanent magnetic fields have the same shapes and magnitudes of which the directions are reversed, according to the ship's heading direction. That is because the direction of permanent magnetization on the hull does not change depending on the direction of ship movement, or the Earth's magnetic field that is applied.
To protect a ship against underwater safety hazards, it is necessary to accurately predict the magnetic fields generated from a ship at any depth in seawater. Based on the proposed field separation technique, it is now possible to obtain accurate field computation results of the induced and permanent magnetic fields. The induced magnetic field is easily calculated with commercial FEM software packages only when numerical modeling parameters, specifically on the relative permeability value, are properly tuned. On the other hand, it is still very cumbersome to compute the permanent magnetic field underwater, because there is no information about the history of permanent magnetization distributed on the hull. In order to efficiently deal with this problem, the permanent magnetization M rem distributed on the hull is first obtained by solving an inverse problem analysis method, based on the material sensitivity analysis in Ref. [10] , and permanent magnetic field data measured at a certain depth of water. Then, the permanent magnetic field at the desired depth of water is calculated with the obtained permanent magnetization distribution. To achieve this, the hull surface shown in Fig. 9 ) at a depth of 0.52 m under the ship was considered as target fields for an inverse problem. An objective function of the problem is mathematically defined as follows. (5) where n is the total measurement points of 505, is the jth component of the magnetic flux density at the ith measurement point, which is predicted based on an intermediate permanent magnetization distribution obtained in the kth iterative calculation process, and is the target fields measured at the measurement points.
After solving the inverse problem, Fig. 14 illustrates an optimum distribution of the equivalent magnetization moment vectors over the hull, where the direction and magnitude of the magnetization vector is expressed in terms of arrows and contour colors, respectively. Figure  15 compares the permanent magnetic field calculated from the optimum magnetization distribution, and the measured one, at a depth of 1.92 m (sensor 6 in Fig. 9 ) below the keel line of the model ship. As a result, the predicted permanent magnetic field components show good agreement with the measured ones, within less than 10 % of the difference in maximum field values.
Conclusion
In this paper, an experimental technique was proposed to accurately extract the permanent and induced magnetic fields from the total field generated by a steel ship. To achieve the goal, an Earth's magnetic field simulator was built, and accordingly the field separation procedure was developed, which consisted of five main stages. To verify the proposed method, a scaled model ship was tested, and the permanent and induced magnetic fields were successfully extracted from the total magnetic field created by the ship. Moreover, based on the separated permanent magnetic field data, the permanent magnetization distribution on the hull was predicted. Accordingly, the permanent magnetic field generated by the ship can then be calculated at any depth of water. Finally, we infer that the proposed method will be very useful in establishing proper countermeasures for reducing underwater magnetic fields. 
